Abstract: In this work, the reduced graphene oxide (RGO) sheets were effectively uploaded through nylon-6 fibers using combined process of electrospinning and hydrothermal treatment. Good dispersion of graphene oxide (GO) with nylon-6 solution could allow to upload GO sheets through nylon-6 fibers and facilitate the formation of spider-wave-like nano-nets during electrospinning. GO sheets present on/into nylon-6 spider-wave-like nano-nets were further reduced to RGO using hydrothermal treatment. The impregnated GO sheets into nylon-6 nanofibers and their reduction during hydrothermal treatment were confirmed by FE-SEM, TEM, FT-IR and Raman spectra. The electrical characteristics of pristine nylon-6, GO/nylon-6 and RGO/nylon-6 nanofibers were investigated and it was found that RGO/nylon-6 composite mat had better electrical conductivity than others. The formation of spider-wave-like nano-nets as well as indirect route of incorporation of RGO sheets on electrospun nylon-6 mat may open a new direction for future graphene/polymer electronics.
Introduction
In the recent years, polymer nanofibers have found a broad range of applications in the fields of electronics, catalysis, protective clothing, filtration, bioengineering and biotechnology [1] [2] [3] . Electrospinning is a simple technique for the fabrication of nanofibers from various polymers which is based on the principle of electrohydrodynamic jetting of polymer solution that drives the solution to be stretched into fibers ( Figure 1 ). The fabrication of onedimensional semiconducting nanofibers using electrospinning has attracted great attention because of their promise in large-area electronic device applications [4] [5] [6] . Fabrication of polymeric fibers up to true nano-size (<50 nm in diameter) [7] with high aspect ratio has offered wide opportunities to construct more efficient interfaces for large-area electronics if they have electrical conductivity. Authors' previous reports show that nylon-6 is a potential candidate for the fabrication of true nanofibers (having high aspect ratio) in the form of spider-wave-like mat by varying process/material parameters during electrospinning [8] [9] [10] [11] [12] [13] [14] .
Nylon-6 is a polyelectrolyte which has good physical and mechanical properties [13] . However, its electrical conductivity is very low. Therefore, nylon-6 nanofibers can be readily applicable if their electrical conductivities were enhanced [15] . The electrical conductivity of nylon-6 nanofibers can be significantly improved by adding different foreign materials such as metal nanoparticles (NPs), semiconductor NPs, carbon nanotubes, graphene etc [16] [17] [18] . Out of them graphene, a flat monolayer of sp2-bonded carbon atoms, is a promising material due to its unique characteristics such as high electronic conductivity, large specific surface area, and high mechanical strength [19] [20] [21] . However, weak dispersion of graphene in polymer solution makes electrospinning difficult and suitable amounts of it could not be uploaded on electrospun fibers. Compared to graphene, graphene oxide (GO) can be easily dispersed with polymer solution and more amount of GO can be loaded on/into fibers during electrospinning. Authors' previous report not only showed that the sufficient amount of GO was well dispersed in nylon-6 solution but also showed that the interaction of GO sheets with nylon-6 molecules could produce large number of spider-wave-like nano-nets [14] . Due to the greater dispersion of the GO compared to graphene in polymer solution, it does not sufficiently hinder the spinability of nylon-6 solution and provide the sufficient sites for polymeric molecules to interact with it by the formation of hydrogen bond. However, poor conductivity of GO could not enhance the electrical conductivity of composite mat of nylon-6. Therefore, reduction of GO sheets is essential to increase the electrical conductivity of nylon-6 composite mat.
In this study, hydrothermal reduction of GO sheets on GO/ nylon-6 composite mat was carried out to increase the electrical conductivity of nylon-6 nanofibers. The morphological and electrical characteristics of the as-prepared RGO/nylon-6 composite nanofibers were investigated. We are expecting this study may pave the way for indirect uploading of RGO on/into electrospun polymeric fibers and their potential application for electronic devices and biosensors.
Experimental
Synthetic graphite (Sigma Aldrich) was used to prepare GO using modified Hummer's method [22, 23] . Experimentally, 5 g of graphite powder and 125 ml of concentrated sulfuric acid was taken into 500 ml three-necked round bottom flask followed by the addition of solid potassium permanganate (17. Electrospinning was carried out at 18 kV and 16 cm distance between the collector and the tip of the syringe. Temperature and humidity were 28 o C and 34 %, respectively. The fibers were collected on polyethylene sheets attached on the surface of rotating drum. After vacuum drying for 24 h, the mats were used for hydrothermal treatment. For the hydrothermal reduction of GO on the surface of nanocomposite fibers, electrospun GO/nylon-6 nanocomposite matrices (5× 5 cm) with 70 ml distilled water and 20 ml ethanol was taken into a Teflon crucible. The Teflon crucible was kept inside a stainless steel autoclave for hydrothermal treatment at 125 o C for 3 h and then naturally allowed to cool at room temperature. Then the mat was washed several times by distilled water and was vacuum-dried for 24 h at 30 o C. The morphology of the different mats was observed by using field-emission scanning electron microscopy (FE-SEM, Hitachi S-7400, Japan) and transmission electron microscopy (TEM, JEM-2010, JEOL, Japan). For TEM observation, fibers were directly deposited onto a TEM grid during electrospinning. Formation of GO/nylon-6 and RGO/ nylon-6 nanocomposite was determined by FT-IR spectroscopy (ABB Bomen MB100 spectrometer, Canada) and Raman Spectroscopy (RFS-100S, Bruker, Germany). To study the electrical properties of as-prepared mats, a current-voltage (I-V) characteristic was measured in two-probe configuration using Keithley 2400 semiconductor characterization system. The synthesized mats were cut into small piece (same dimension) and they were contacted by 25 µm thick Au wires with an assistance of silver paste. The thickness of pristine nylon-6, GO/nylon-6, and RGO/nylon-6 mats was 0.041, 0.032, and 0.034 mm, respectively, which was measured using a digital micrometer.
Results and Discussion
For fine electronic devices, conductive polymeric fibers <50 nm in diameter (true nanofibers) are more desirable as they provide high aspect ratio. Therefore, the techniques to fabricate such true polymeric nanofibers with electrical properties are potential in electronic devices. The presence of sufficient amount of true nanofibers in the form of spiderwave-like nano-nets was observed from the FE-SEM images of GO/nylon-6 mat as shown in Figure 2 . For pristine nylon-6 mat (Figure 2(a) ), the fibers appear well-defined without any spider-wave-like nano-nets. However, the mat obtained from the blend solution of nylon-6 and GO showed that large amount of spider-wave-like nano-nets are formed throughout the mat. The formation of spider-wave-like nanonets might be probably due to the fast solvent degradation of nylon-6 caused by well dispersed GO sheets through the electrospinning solution which was explained in authors' previous report [14] . The solvent degradation of nylon-6 (caused by formic acid) might be accelerated when suitable amounts of GO sheets were well dispersed throughout the nylon-6 solution [11, 14] . Since large amount of solvent degraded ionic oligomer molecules of nylon-6 were formed during the solution preparation, there might be two fractions of solution (higher and lower molecular weight fractions) during jet whipping. The fraction of lower molecular weight polymer solution could form true nanofibers during phase separation [14] . The proper loading of GO sheets on/into asfabricated fibers was carried out by transmission electron microscopy (TEM). Figure 3(a) shows that pristine electrospun nylon-6 fiber is smooth whereas fiber obtained from blend solution shows that GO sheets were loaded on fibers ( Figure  3(b) ). Inset of Figure 3(a) shows the size of as-prepared GO sheets. These sheets might be incorporated through thick fibers but not with true nanofibers.
It is reported that GO is better than RGO for nano-filler in polymer composite as it can interact with the functional groups of polymeric materials by the formation of hydrogen bonds [24] . The functionalities of GO can easily interact with CO and NH groups in nylon-6 molecules via hydrogen bond and they can be uploaded through fibers during electrospinning [25] . However, for enhancing the electrical conductivity of composite materials, RGO is required. Therefore, GO present in composite nylon-6 mat should be reduced to graphene (RGO) via hydrothermal treatment as described in the literature [26, 27] . The functionalities of GO were reduced by alcohol during hydrothermal treatment [28] . Figure 4 shows the FT-IR spectra of pristine nylon-6 mat and GO/nylon-6 mat before and after hydrothermal treatment. The characteristic peaks of pristine electrospun nylon-6 mat are explained in authors' previous work [13] . Comparing to the pristine nylon-6 mat, GO or RGO containing mat has no any pronounced changes on the IR spectra which might be attributed by the low content of GO. We observed that the amide II band (at 1545 cm ) became less intense and slightly shifted to higher wavelength when GO is incorporated with nylon-6. The result showed that welldispersed GO sheets could rupture the intermolecular hydrogen bonds of nylon-6 chain and form new hydrogen bonds between GO and nylon-6 molecules. The further decreased in the intensity of this band in hydrothermallytreated mat (Figure 4(d) ) revealed that hydrogen bonding was decreased due to the formation of RGO. The presence of GO sheets on composite mat and its reduction during hydrothermal treatment can be determined by Raman spectroscopy. Figure 5 presents the Raman spectra of pristine nylon-6, GO/nylon-6, and RGO/nylon-6 mats. The important Raman bands of pristine nylon-6 were described in our previous work [12] . Comparing to the band of pristine nylon-6, Go/nylon-6 composite mat clearly showed that there were D-band and G-band of GO sheets ( Figure 5 ) [29] . The ID/IG ratio was increased in hydrothermal treated mat as compared to un-treated mat which indicated the reduction of GO during hydrothermal treatment [30] . Furthermore, the shifting of the spectrum of G and D bands towards lower value in RGO/nylon-6 mat ( Figure 5 ) was also an indication of reduction of GO during hydrothermal treatment [30] . Figures 6 and 7 show the electrical properties of pristine nylon-6, GO/nylon-6, and RGO/nylon-6 mats. Different mats with equal dimension were contacted by 25 µm thick Au wires with an assistance of silver paste for currentvoltage (I-V) characterization. The I-V characteristics were measured for the applied bias voltage ranging between −25 to +25 V ( Figure 6 ). For better comparison, the current was normalized by the sample dimension (tw/l), where t is the sample thickness, w the width, and l the length of mat. Hysteric behavior was observed for the GO/nylon-6 and the RGO/nylon-6 composite mats by a cyclic voltage sweep. This might be due to trapping sites inside the samples caused by large number of true nanofibers and GO or RGO sheets. Despite the hysteric behavior, the data confirmed that the conductivity of nylon-6 fibers is improved when GO or RGO is incorporated with them. This can be seen more clearly in conductivity, σ =(I/V) (tw/l), as a function of applied voltage (Figure 7 ). For RGO/nylon-6 sample, the conductivity is about 1.0 µS/cm at V=20 V, which is about 300 times larger than that of the pristine nylon-6 mat (σ~2.8 nS/cm) and about 3 times larger than that of the GO/nylon-6 composite mat (σ~0.33 µS/cm). The better electrical conductivity of GO/nylon-6 composite mat compared to the pristine nylon-6 mat is attributed to the formation of denser true nanofibers (Figure 2(b) ) as well as GO sheets which can make better contact among the fibers and can enhance the electrical pathways. Similarly, reduction of GO sheets during hydrothermal treatment could also enhance the electrical conductivity of RGO/nylon-6 mat. The increased conductivity in the composite mats suggests that GO or RGO loading boosts the electron conduction path. Moreover, possibility of bridging between the nylon-6 nanofibers due to the spider-wave structure and GO/RGO sheets can increase the amounts of charge carrier and reduces hopping distance of conduction electrons which favors percolation phenomenon. Jeong et al. [31] also observed the similar result when MWNTs were incorporated through electrospun nylon fibers. On the basis of our experimental analysis, we can conclude that reduction of GO sheets present on electrospun nylon-6 fibrous mat play a significant role on the electrical properties of nylon-6 composite nanofibers. These observation shows that spider-wave-like RGO/nylon-6 nanocomposite can be utilized for the future electronic and memory device applications.
Conclusion
We successfully demonstrated the indirect route of fabrication of RGO loaded polymer fibers using combined process of electrospinning and hydrothermal treatment. Good dispersion of GO sheets through nylon-6 solution could form spider-wave-like nano-nets during electrospinning and GO sheets present on fibers were converted to RGO by hydrothermal treatment. The incorporation of GO sheets through electrospun fibers and their reduction during hydrothermal treatment were confirmed by TEM, FT-IR, and Raman spectroscopy. The electrical characteristics of pristine nylon-6, GO/nylon-6, and RGO/nylon-6 were investigated. It was found that RGO/nylon-6 composite mat had highest electrical conductivity. The significant enhanced electrical properties of RGO/nylon-6 composite nanofibers compared to the pristine nylon-6 fibers can be utilized for future nano-device and biosensor applications.
